Wastewater treatment produces solid residuals. Land application provides a sustainable, beneficial alternative for solids disposal, but it increases the threat of public exposure to disease. As such, regulatory agencies in many countries limit the number of pathogens allowable in residuals. One of the most common and resistant pathogens is the egg of the intestinal parasitic worm, Ascaris. Alkaline stabilization is one alternative to costly thermal inactivation of pathogens, but the mechanisms of inactivation during alkaline stabilization are still undetermined. This work quantified the effect of ammonia on the inactivation of Ascaris eggs in an alkaline setting.
INTRODUCTION
Wastewater treatment produces solid residuals. Among the options for the disposal of residuals, land application provides a sustainable, beneficial alternative to landfilling and incineration. Because land application increases the threat of public exposure to disease, regulatory agencies in many countries, including the U.S. EPA, limit the number of pathogens allowable in residuals (U. S.EPA 1994; Officiel 1998) . To obtain safe pathogen concentrations, the EPA has established a set of effective, pre-approved treatment options. Studies have shown that thermophilic conditions can reduce pathogens effectively while mesophilic conditions alone cannot (Barrett 1976; Gantzer, Gaspard et al. 2001 ). As such, most of the treatment alternatives outlined by the EPA entail costly, high-energy expenditures to bring about thermal inactivation of pathogens. One alternative to costly thermophilic processes is alkaline stabilization, a process that counterbalances the benefit of lower energy input with the cost of longer treatment times.
EPA does allow for treatments that are not included on their pre-approved list, e.g., alkaline stabilization, provided that the treatments can inactivate even the most resilient pathogens: enteric viruses and helminth ova. Of the helminths, the one whose egg is the most difficult to inactivate in biosolids is that of the intestinal parasite Ascaris lumbricoides. Typical disinfection techniques fail to affect Ascaris egg viability and the eggs exhibit strong resistance to unfavorable environmental conditions (Krishnaswami and Post 1968) . These characteristics help make Ascaris the most common parasitic worm infection of humans with roughly 1 billion people infected worldwide (CDC 2002) . Their hardiness stems from their highly impermeable eggshell which has been deemed "one of the most resistant biological structures" (Wharton 1980) . The shell allows the passage of essential respiratory gases while protecting the eggs from a wide array of chemicals and extreme pH environments (Barrett 1976) . Any treatment that is not a pre-approved EPA pathogen reduction technique, however, must prove that it is able to inactivate Ascaris eggs (U.S.EPA 1994).
While thermal inactivation is the most common means of inactivating Ascaris, alkaline stabilization has also proven an effective method. However, a wide range of necessary storage times has been reported, ranging from two to six months (Schuh, Philipp et al. 1984; Eriksen, Andreasen et al. 1996; Gantzer, Gaspard et al. 2001) . The reasons for this large variability remain undetermined. In separate studies, other researchers have shown that supplementing alkaline treatment with ammonia increases the rate of pathogen inactivation (Ghiglietti, Rossi et al. 1995; Ghiglietti, Genchi et al. 1997) . The temperature dependence of Ascaris inactivation has been well documented, but many questions remain regarding the other mechanisms of inactivation during alkaline storage. Does ammonia inactivate pathogens by raising the pH of the biosolids, or is ammonia itself acting upon them? If ammonia itself is responsible, is one of its acid/base species more potent? Finally, can the ammonia concentrations naturally present in biosolids affect inactivation rates and to what extent can it account for the variability in alkaline stabilization? Quantifying how these factors impact the efficiency of alkaline treatment will help engineers design stabilization systems that minimize storage times, thereby increasing both efficiency and economy.
METHODOLOGY

Experiments 1 -3
Pure samples of A. suum eggs isolated from pig intestines were stored for 24 hours in buffered solutions at different pHs (7, 9, and 11), ammonia concentrations (0 to 1000 ppm as N), and temperatures (from 32-52˚C). After the exposure period, the eggs were resuspended in 0.1 N H 2 SO 4 and incubated for 30 days at 28˚C. After incubation, eggs were viewed under a microscope and eggs that did not contain fully developed larvae were counted as non-viable. The percent of non-viable eggs was calculated as the number of non-viable eggs divided by total number of eggs counted (n=200 for each sample). Triplicate samples were analyzed for each time/temperature/ammonia /pH combination.
Experiment 4
The same basic protocol was followed as in Experiments 1-3, but eggs were stored only at pHs 9 and 11 over a 72-hour period. Eggs were incubated in ammonia solutions from 0-4000 ppm in 500 ppm increments in order to determine the minimum concentration needed for 99% inactivation. Eggs were incubated, viewed microscopically, and counted as detailed above.
RESULTS
Experiment 1: Effect of temperature and pH on Ascaris inactivation
Experiments were run to determine the effect of temperature on the inactivation of Ascaris eggs at the different pH levels after 24 hours in the absence of ammonia (Fig.1) . These experiments uncovered three important results. Firstly, inactivation increased with rising temperature leading to a characteristic heat inactivation profile. Secondly, there was a narrow range of temperatures in which the eggs proceeded from low to complete inactivation. This range from 40-48C will be called the threshold temperature range. Thirdly, there was no significant alteration in the heat inactivation profile over the pH range 7-11. Earlier control experiments ruled out an inactivation effect by the buffers themselves.
Experiment 2: Effect of ammonia on the Ascaris inactivation profile
Eggs were incubated at the same pH range and temperatures as above but were supplemented with ammonia from 0-1000 ppm total ammonia (N TOT ). At pH 7, the inactivation profile with ammonia did not differ significantly from the ammonia-free control throughout the entire ammonia range. At pH 9 and 11, the inactivation profiles were statistically different from the control at 1000 ppm N TOT . These highest concentrations caused an increased inactivation over the control at one temperature, 44C (Fig. 2) .
Experiment 3: Effect of varying N TOT on the inactivation profile
Experiments were conducted to determine if the additional inactivation at high pH/high ammonia concentrations was a function of the total ammonia in the system (N TOT ) or only one of the ammonia species (NH 4 + or NH 3 ). Using solutions at pH 9 and 11, different concentrations of N TOT were added and the inactivation profiles compared over the threshold temperature range of 40-48C. Across this range, a given level of N TOT always showed equal or greater inactivation at pH 11 than at pH 9 (data from the trial at 44C presented in Fig. 3) . In Fig. 4 , the same data from Fig. 3 are shown, but as a function of unionized ammonia (NH 3 ). A recognizable increase in inactivation can be seen with increasing NH 3 concentration, regardless of pH.
To directly test the effect of the unionized species on inactivation, an experiment was run at the same threshold temperature of 44C at pH 9 and 11 while holding the NH 3 concentration constant. Both pH levels showed inactivation profiles that were not statistically different (Fig. 5) .
Experiment 4
Experiments were run to quantify the impact of ammonia inactivation over a 72-hour exposure period, the minimum time required by the EPA to achieve Class A biosolids using alkaline stabilization.
The combinations of temperature, pH, and NH 3 needed for 99% inactivation are graphed in Fig. 6 . Each point within the shaded area represents a treatment that leads to 99% inactivation for a given pH level. In the absence of ammonia, a minimum temperature of 48C was needed for 99% inactivation. At pH 7, adding ammonia up to 4000 ppm offered no savings in the temperature requirements, while at pH 9 and 11 increasing the ammonia concentration decreased the temperature requirements. Finally, the inactivation due to ammonia was significant within the range from 0-4000 ppm at pH 9 and 11. For example, at 2500 ppm, even a modest increase in pH (from pH 7 to 9) decreased the temperature requirements by 7C (from 48C down to 41C). Raising the same ammonia concentration from pH 7 to 11 allowed for a 10C savings in temperature (from 48C down to 38C).
DISCUSSION
Three important points emerged from experiment 1. Firstly, the inactivation with increasing temperature was consistent with previously published research (Barrett 1976) . Secondly, after a 24-hour exposure period, pH had no effect on inactivation at any temperature tested. Therefore, a change in pH alone cannot explain the ammonia effect because increasing pH in the absence of ammonia did not increase the inactivation rate.
Experiment 2 differed from 1 only in the addition of ammonia to the solutions. In the presence of ammonia, changing the pH did increase inactivation, but only at pH > 7. At any given temperature, the difference between the solutions at the three pH levels was the ratio of NH 4 + :NH 3 . This ratio was set by the pH of the solution and the pK a of the acid/base species, ammonia. Given that the pK a of ammonia at 44C is ~8.7, then the fraction of N TOT that was in the NH 3 form was roughly 2, 67, and 99% at pH 7, 9, and 11, respectively. Therefore, the inactivation due to ammonia was not a function of pH alone or of N TOT alone, but appeared to increase with increasing concentrations of NH 3 . Experiment 3 showed that ammonia solutions at pH 11 always caused increased or equivalent inactivation compared to pH 9. These data supported the hypothesis that higher uncharged ammonia concentrations lead to higher inactivation. When these data were plotted as a function of NH 3 (Fig. 4) , a trend emerged suggesting inactivation was a function not of N TOT but of NH 3 . Holding NH 3 constant (Fig.  5) proved that ammonia inactivation was a function of one species: the unionized ammonia concentration.
The conclusions from Experiments 1-3 were borne out in Experiment 4. Different inactivation profiles were seen at the three pH levels (Fig. 6 ) because the uncharged ammonia species was contributing to inactivation in proportion to its concentration. At pH 7, a negligible percentage of the total ammonia existed as uncharged ammonia, so there was no increase in inactivation with increasing total ammonia. At pHs 9 and 11, a significant fraction of the total ammonia was uncharged and this fraction contributed to inactivation. The impact of this additional ammonia inactivation was a decrease in the temperature requirements.
CONCLUSIONS
With a sufficiently long exposure to heat, the resilient lipid membrane of the egg begins to lose its integrity, rendering the egg vulnerable to osmotic effects or chemicals present in the external milieu (Barrett 1976) . The absence of an ammonia effect in the sub-threshold temperature range may indicate that NH 3 , albeit small and uncharged, could not permeate an uncompromised lipid membrane. When heat increased the egg's permeability, ammonia may have penetrated more easily, disrupted cellular processes, and thereby caused inactivation. This ammonia effect was different from heat inactivation and dependent on both the attainment of a threshold temperature environment and a sufficiently high concentration of uncharged NH 3 . This ammonia inactivation produced a significant effect on Ascaris inactivation, leading to temperature savings of up to 12C compared to ammonia-free controls over a 72-hour exposure. Importantly, the ammonia concentrations used in these experiments were in the same range of ammonia concentrations naturally present in sludges (0-4000 ppm), suggesting that this mechanism of inactivation may play a significant role during alkaline stabilization.
These results have a number of implications for wastewater treatment. Firstly, the findings may help explain the wide range of time needed for Ascaris inactivation in sludge. Two different sludges stored at the same pH and temperature could have two vastly different inactivation times depending on their ammonia concentrations. Sludges that attain higher temperatures, that have higher NH 3 concentrations (caused by higher pH or N TOT ), and that do not allow volatilization of gaseous NH 3 (such as in covered storage tanks), would be expected to have increased inactivation by this mechanism. Accordingly, the time needed for inactivation in these conditions should be shorter.
As such, these findings have implications for the design of sludge treatment. Engineering sludge storage systems to take advantage of this mechanism may decrease the time needed for pathogen inactivation. Due to the additional ammonia effect, the level of inactivation achieved at one temperature without ammonia might be achieved at a lower temperature with ammonia. The benefits would include decreased heating requirements, lime usage, and hauling costs. (Fig. 1) and presence of 1000 ppm ammonia (Fig. 2) after 24 hour exposure. . When eggs were incubated at constant NH 3 , no significant difference was seen between the inactivation profiles at pH 9 or 11.
